Laccases, as early as 1959, were proposed to catalyze the oxidative polymerization of monolignols. Genetic evidence in support of this hypothesis has been elusive due to functional redundancy of laccase genes. An Arabidopsis double mutant demonstrated the involvement of laccases in lignin biosynthesis. We previously identified a subset of laccase genes to be targets of a microRNA (miRNA) ptr-miR397a in Populus trichocarpa. To elucidate the roles of ptr-miR397a and its targets, we characterized the laccase gene family and identified 49 laccase gene models, of which 29 were predicted to be targets of ptr-miR397a. We overexpressed PtrMIR397a in transgenic P. trichocarpa. In each of all nine transgenic lines tested, 17 PtrLACs were down-regulated as analyzed by RNAseq. Transgenic lines with severe reduction in the expression of these laccase genes resulted in an ∼40% decrease in the total laccase activity. Overexpression of Ptr-MIR397a in these transgenic lines also reduced lignin content, whereas levels of all monolignol biosynthetic gene transcripts remained unchanged. A hierarchical genetic regulatory network (GRN) built by a bottom-up graphic Gaussian model algorithm provides additional support for a role of ptr-miR397a as a negative regulator of laccases for lignin biosynthesis. Full transcriptome-based differential gene expression in the overexpressed transgenics and protein domain analyses implicate previously unidentified transcription factors and their targets in an extended hierarchical GRN including ptr-miR397a and laccases that coregulate lignin biosynthesis in wood formation. Ptr-miR397a, laccases, and other regulatory components of this network may provide additional strategies for genetic manipulation of lignin content. L ignin, an abundant biological polymer affecting the ecology of the terrestrial biosphere, is vital for the integrity of plant cell walls, the strength of stems, and resistance against pests and pathogens (1). Lignin is also a major barrier in the pulping and biomass-to-ethanol processes (2-4). For extracting cellulose (pulping) or for enzymatic degradation of cellulose for bioethanol, harsh chemical or physical treatments are used to reduce interactions with lignin or other cell wall components (2-4). Reducing lignin content or altering lignin structure to reduce its recalcitrance are major goals for more efficient processing.
Laccases, as early as 1959, were proposed to catalyze the oxidative polymerization of monolignols. Genetic evidence in support of this hypothesis has been elusive due to functional redundancy of laccase genes. An Arabidopsis double mutant demonstrated the involvement of laccases in lignin biosynthesis. We previously identified a subset of laccase genes to be targets of a microRNA (miRNA) ptr-miR397a in Populus trichocarpa. To elucidate the roles of ptr-miR397a and its targets, we characterized the laccase gene family and identified 49 laccase gene models, of which 29 were predicted to be targets of ptr-miR397a. We overexpressed PtrMIR397a in transgenic P. trichocarpa. In each of all nine transgenic lines tested, 17 PtrLACs were down-regulated as analyzed by RNAseq. Transgenic lines with severe reduction in the expression of these laccase genes resulted in an ∼40% decrease in the total laccase activity. Overexpression of Ptr-MIR397a in these transgenic lines also reduced lignin content, whereas levels of all monolignol biosynthetic gene transcripts remained unchanged. A hierarchical genetic regulatory network (GRN) built by a bottom-up graphic Gaussian model algorithm provides additional support for a role of ptr-miR397a as a negative regulator of laccases for lignin biosynthesis. Full transcriptome-based differential gene expression in the overexpressed transgenics and protein domain analyses implicate previously unidentified transcription factors and their targets in an extended hierarchical GRN including ptr-miR397a and laccases that coregulate lignin biosynthesis in wood formation. Ptr-miR397a, laccases, and other regulatory components of this network may provide additional strategies for genetic manipulation of lignin content. L ignin, an abundant biological polymer affecting the ecology of the terrestrial biosphere, is vital for the integrity of plant cell walls, the strength of stems, and resistance against pests and pathogens (1). Lignin is also a major barrier in the pulping and biomass-to-ethanol processes (2) (3) (4) . For extracting cellulose (pulping) or for enzymatic degradation of cellulose for bioethanol, harsh chemical or physical treatments are used to reduce interactions with lignin or other cell wall components (2-4). Reducing lignin content or altering lignin structure to reduce its recalcitrance are major goals for more efficient processing.
Lignin is polymerized primarily from three monolignol precursors, p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (1, 5) . Over five decades, efforts have been made to understand the biosynthesis of the primary monolignols and to modify the quantity or composition of lignin. The polymerization of monolignols into a lignin polymer has long been thought to occur through oxidative polymerization catalyzed by either laccases or peroxidases (6) . The mechanisms and specificity of the roles of the oxidative enzymes in lignin polymerization have been controversial (7) .
Laccases (EC. 1.10.3.2) are multicopper oxidoreductases. Plant laccase was the first enzyme shown to be able to polymerize lignin monomers in vitro (6) , and the expression of some laccase genes is closely correlated with lignin deposition in xylem (8-10).
Very few genetic experiments have been published supporting the involvement of laccases in lignin polymerization. Ranocha et al. (11) isolated five laccase cDNAs (lac1, lac2, lac3, lac90, and lac110) from the stem-differentiating xylem of Populus trichocarpa. Suppression of the lac3 gene resulted in no significant alteration in lignin content and composition, although an alteration of the xylem fiber cell walls was observed in antisense suppressed lac3, lac90, or lac110 (12) . Only recently has genetic data been obtained implicating laccases in lignin polymerization in Arabidopsis thaliana. Simultaneous disruption of LAC4 and the other laccase, LAC17, resulted in a reduction of lignin content in Arabidopsis stems, whereas single-gene mutations in LAC4 or LAC17 caused only a modest reduction in lignin content (13). Zhou et al. (14) identified MYB58 and MYB63 to be transcriptional activators of lignin biosynthesis and MYB58 directly activates LAC4. In Arabidopsis, there are 17 laccase genes, and 8 are expressed in stems (13) . These results suggest functional redundancy of laccases in lignin polymerization, requiring multiple mutations to observe significant effects.
Trees are particularly suitable for studying lignin biosynthesis because of the abundance of lignin in wood and the role of lignin in the structure and physiology of the plant. We used P. trichocarpa as a model woody plant to investigate the laccase gene family and its regulators related to lignin biosynthesis. Previously, we identified a subset of 28 laccase genes to be targets of miR397 (15) . MIR397 is a family of small and noncoding microRNAs (miRNAs) conserved in dicots, monocots, and gymnosperms (16) . We found three MIR397 gene models in the P. trichocarpa genome: PtrMIR397a, b, and c (17). Only ptr-miR397a was sufficiently abundant to be detected by high throughput sequencing and real-time quantitative reverse transcription PCR (qRT-PCR) (17, 18) . All of the tissues analyzed had detectable levels of mature ptr-miR397a. The levels in phloem, mature leaves, and stem differentiating xylem (SDX) were higher than those in young leaves, young stems, and roots (17) . MiR397-directed cleavage of laccase transcripts has been observed in Arabidopsis (19) and P. trichocarpa (15) . MiR397 could be a negative regulator of lignin content.
We characterized the P. trichocarpa laccase gene family and created transgenics overexpressing in Ptr-MIR397a. Twentythree SDX-expressed laccases are targets of ptr-miR397a in P. trichocarpa. Overexpression of Ptr-MIR397a in P. trichocarpa resulted in a reduction in lignin content, whereas levels of monolignol biosynthetic gene transcripts remained unchanged, verifying the involvement of laccases in activation of monolignols for polymerization. We conclude that ptr-miR397a is a master regulator of polymerization in lignin biosynthesis. Using gene expression data and bioinformatic analysis of transcription factors (TFs), we constructed a hierarchical genetic regulatory network including ptr-miR397a, laccases, and associated TFs and their targets.
Results
Genomewide Characterization of Laccase Genes in P. trichocarpa.
Plant laccases, which are members of a large family of multicopper oxidases, consist of three blue copper protein domains with signature sequences (20) . We used 17 Arabidopsis laccase protein sequences to blast the P. trichocarpa genome (v2.2) and found 49 laccase gene models (PtrLACs) with Cu-oxidase domains (Table S1 ) that fall into six clades (Fig. S1 ). Suppression of Arabidopsis AtLAC4 and AtLAC17 resulted in reduction of lignin content (13) . Seven PtrLACs are closely related to AtLAC4 in clade 1, and 11 are clustered with AtLAC17 in clade 2 ( Fig. S1 ). Analysis of laccase mRNA abundance using qRT-PCR revealed transcripts of many laccase genes in each tissue examined and some show specificity for SDX (Fig. 1) . Of a total of 49 gene models, transcripts for 30 PtrLACs were detected in SDX, of which 17 are abundant. These 17 belong to clades 1, 2, and 5, where the two lignin-related Arabidopsis laccases (AtLAC4 and AtLAC17) are also clustered. The abundance of multiple laccases within SDX suggests functional redundancy of laccases for lignin biosynthesis in wood formation.
Twenty-Nine PtrLACs Are Targets of ptr-miR397a. To determine whether any of these 49 laccases are regulated by ptr-miR397a, we screened for ptr-miR397a target sequences in the laccase transcripts using psRNATarget (21) . Twenty-nine PtrLACs were predicted targets (Fig. S2A ). The targets of ptr-miR397a are in a sequence encoding a conserved Cu-oxidase domain (Fig. S2A) . We randomly selected 7 PtrLACs (1, 2, 13, 18, 21, 26, and 30) from the 29 predicted targets and characterized them by the Fig. 1 . Expression of PtrLAC genes in tissues of P. trichocarpa. Fold changes of transcript levels in young leaves (L1), mature leaves (L2), young stems (S), SDX (X), phloem (P), and young roots (R) are shown. Transcript levels in young leaves were arbitrarily set to 1, except PtrLAC13, PtrLAC18, PtrLAC26, and PtrLAC37, whose levels in young roots were set to 1. modified 5′-rapid amplification of cDNA ends (RACE) (22) . All seven were authentic targets of ptr-miR397a ( Fig. 2A) . This experiment verified the computational prediction and supported a regulatory role of ptr-miR397a in suppressing these laccases. The 29 PtrLACs targeted by ptr-miR397a belong to clades 1, 2, 4, and 5 ( Fig. S1 ). No predicted targets were found in clades 3 and 6. The seven P. trichocarpa homologs of AtLAC4 in clade 1, and the 11 P. trichocarpa homologs of AtLAC17 in clade 2 are all predicted targets of ptr-miR397a. Among the 17 PtrLACs abundantly expressed in SDX, 13 are targets of ptr-miR397a (Fig. S1) , suggesting a role of ptr-miR397a in secondary cell wall biosynthesis.
Cloning and Overexpression of the Full-Length Ptr-MIR397a. To further elucidate the roles of ptr-miR397a and its target PtrLACs, we cloned the full-length Ptr-MIR397a cDNA using 5′ and 3′ RACE PCR, followed by full cDNA amplification. The primary Ptr-MIR397a transcript is 1,387 bases. The mature ptr-miR397a and ptr-miR397a* are close to the 5′-end of Ptr-MIR397a (Fig.  S2 B and C) . We prepared a pBI121-based construct to overexpress Ptr-MIR397a under the control of a double Cauliflower Mosaic Virus (CaMV) 35S promoter (2×CaMV35Sp::MIR397a; Fig. 2B ). The construct was introduced into P. trichocarpa using Agrobacterium (23). Thirty-two transgenic lines were obtained. Significant overexpression of Ptr-MIR397a was found in all nine randomly selected lines (Fig. 2C) .
Overexpression of Ptr-MIR397a Reduced Lignin Content. All plants from the nine overexpression transgenic lines were maintained in a greenhouse and harvested at the age of 6 mo. No growth differences were observed compared with WT plants, and SDX cells did not show any anatomical difference compared with WT (Fig. S3 ). Based on the highest level of ptr-miR397a, four lines were selected for analysis of lignin content. Lignin content of the four lines, 397a-1, 397a-6, 397a-9, and 397a-10, showed reduction in Klason lignin content ranging from 12% to 22% (P < 0.005; Table 1 ). Significant increases (P < 0.05) in xylan content and decreases of mannan and uronic acid content were also found ( Table 1) . Other hemicelluloses, including rhamnan, arabinan, and galactan, as well as cellulose, showed no significant changes (Table 1) .
Lignin Composition and Structure. To examine whether lignin composition was altered in plants overexpressing Ptr-MIR397a, woody stem tissues were analyzed using nitrobenzene oxidation ( Table 2) . P. trichocarpa lignin is rich in syringyl (S) subunits, represented by the oxidation products syringaldehyde and syringic acid. The guaiacyl (G) lignin, represented by vanillin and vanillic acid, was about half of the S content, whereas the content of p-hydroxyphenyl (H) subunits in lignin, represented by p-hydroxybenzaldehyde, was low (0.2%), as expected. Overexpression transgenics showed an S/G ratio of 2.2 compared with 2.1 in WT. The difference was not significant.
Lignin structural components and linkages were determined using NMR spectroscopy on lignins remaining after cellulolytic enzyme digestion (24) . Three transgenic lines, 397a-1, 397a-9, and 397a-10, covering the range of the observed lignin reduction were analyzed and compared with WT. Consistent with the results from nitrobenzene oxidation, the stem wood was rich in S, 
Values are means ± SE (n = 2 for lignin and polysaccharide analysis). Prob > jtj value in bold shows significant changes using JMP analysis (P < 0.05). *Values are expressed as weight percent based on vacuum-dried extractive free wood weight. -, below detection limits. *Results are means ± SE (n = 2), assuming that lignin's C 9 molecular mass is 210 g/mol.
† Sum of p-hydroxybenzaldehyde and p-hydroxybenzoic acid. ‡ Sum of vanillin and vanillic acid. § Sum of syringaldehyde and syringic acid.
lower in G, and very low in H (Fig. 3 A and B ; Table S2 ). S/G ratios in the aromatic region of 397a-1, 397a-9, and 397a-10 lignin were 2.19, 3.03, and 2.56, respectively, compared with 2.09 in WT (Table S2) . We examined the side chain region (Fig. 4 A and B), which generally substantiates the H/G/S ratio changes in the aromatic region and provides details regarding the bonding types and distribution of interunit linkages in the lignin structure (25, 26) . Most of the lignin linkage types were nicely resolved in the 2D heteronuclear single-quantum correlation (HSQC) spectrum for all samples (Table S2 ). The compositional ratios of the side chains of lignin in the transgenics were almost identical to those in WT plants. Only minor structural changes were noticed from the relative intensity estimation (Table S2 ). The β-aryl ether units A in transgenics were slightly increased 3.4% (Table S2) , consistent with the marginally increased S levels revealed by the correlations in the aromatic region. Syringyl units have a higher probability of β-aryl ether coupling in the growing lignin polymer (7, 26) . Other structures, such as phenylcoumarans (B), resinols (C), and spirodienones (SD), were relatively decreased in the transgenics; phenylcoumarans require participation by coniferyl alcohol and are therefore likely lower due to higher S/G. Overexpression of PtrMIR397a caused only slight changes in lignin composition and structure.
Down-Regulation of PtrLAC Transcript Abundance by Overexpression
of Ptr-MIR397a. RNA-seq of the SDX from nine transgenic lines and three WT trees was carried out to examine the changes in the transcriptome caused by Ptr-MIR397a overexpression. Differentially expressed genes (DEGs) were identified using edgeR (27) by comparing the transcript abundance of each gene in the transgenic lines and the WT trees. We identified a total of 459 DEGs, with 289 down-regulated and 170 up-regulated. Thirty-four laccase genes of the 49 laccase gene models in P. trichocarpa were expressed in the WT SDX (Table S3) , consistent with our qRT-PCR analysis (Fig.  1) . The expression of 17 of the 34 SDX-expressed laccase genes was down-regulated by 32-86% compared with WT (Table S3) , of which 5 are homologs of AtLAC4 and 6 are homologs of AtLAC17. Consistent with the reduction of laccase gene expression, the total laccase activity of SDX proteins in 397-3, 397-6, and 397-26 was reduced by ∼40% compared with WT (Fig. 5) . No change in transcript abundance was observed for all 20 SDX monolignol genes (28) , indicating that the lignin content reduction is specific and caused by down-regulation of laccases.
Specific Domain Families in the Xylem Transcriptome Respond to PtrMIR397a Overexpression. To identify overrepresented gene families among the DEGs, we performed a domain enrichment analysis (29) . Several protein families were overrepresented, including 20 laccases (types 1, 2, and 3 multicopper oxidases), 7 peroxidases, and 4 chalcone/stilbene synthases (Table S4 ).
Overexpression of ptr-miR397a Affects Expression of Network Genes.
Ptr-MIR397a is part of a hierarchical network controlling wood formation. Overexpression of Ptr-MIR397a combined with RNAseq may identify downstream components of a network. We developed and used a unique bottom-up graphic Gaussian model (GGM) algorithm to construct a causal hierarchical genetic regulatory network (GRN) from DEGs. The bottom-up algorithm constructs a multilayer GRN starting from the enzyme level and building up. Using these 19 significantly down-and up-regulated laccase genes, identified by DEG, domain-enrichment, and all transcription factors including ptr-miR397a as input for the bottom up algorithm, a GRN of three layers was obtained (Fig.  6 ). Ptr-miR397 is at the second layer and directly controls the laccase (bottom). The specific causal relationships of ptrmiR397a and their target laccase genes were accurately predicted when 19 laccase genes and 15 others (encoding chalcone/ stilbene synthase and peroxidase protein domains) were used as the bottom/first layer in an implementation of the GGM. The regulatory genes in the second and third layers were recognized by the GGM bottom-up algorithm from 1,208 TFs and ptrmiR397a. The GRN indicates the control of 13 laccases and 4 peroxidases by ptr-miR397a and TFs. No direct regulatory relationships between ptr-miR397a and the other genes used as the implementation in the bottom layer were identified. Among the 13 PtrLACs identified in the bottom layer, 12 PtrLACs are directly regulated by ptr-miR397a, and these 12 PtrLACs belong to clades 1, 2, and 5 (Fig. S1) . PtrLAC43, belonging to clade 6 (Fig.  S1 ), is not directly regulated by ptr-miR397a but is regulated by other TFs in the second layer. These results are consistent with the computational inference that no predicted targets were found in clades 3 and 6. Adding 44 genes involved in lignocellulosic biosynthesis in the input failed to identify any causal relationships between ptr-miR397 and these genes, indicating that the regulatory relationships between ptr-miR397 and the 12 laccase genes are specific.
In the GRN, we identified several wood formation-related TFs present in the upper layers. Two MYB genes, PtrMYB021 (30) and PtrMYB52 (Table S5 ), are present in second layer, and two NAC genes, PtrSND1-A2 and PtrVND6-C2 (30) , are in the third layer. PtrMYB021 is the poplar ortholog of Arabidopsis AtMYB46, known to up-regulate AtLAC10 and other laccase genes through an eight-nucleotide core motif (RKTWGGTR) (31, 32) , further validating the GRN. We also found some genes with unknown functions in the GRN. For example, PtrUNE12 (Table S5) , encoding a basic helix-loop-helix (bHLH) TF, has an inferred interaction with PtrSND1-A2, 10 laccase genes, and 4 peroxidase genes (Table S5) , suggesting it is an important regulator in lignin biosynthesis. All of the proposed interactions (Fig. 6 ) need experimental validation.
Discussion
The involvement of laccases in lignin polymerization was proposed more than five decades ago based on the ability of a cambial extract containing laccase activities from spruce to produce a lignin-like polymer (6) . Peroxidase activities were also found in the cambial sap, and therefore peroxidases were also implicated in lignin polymerization (6) . Since 1959, evidence has implicated both laccases and peroxidases in lignin polymerization. Genetic data to demonstrate an essential role for either laccases or peroxidases in lignin biosynthesis have been difficult to obtain due to the large number of functionally redundant genes in these gene families (13, 33) . Transgenic suppression of peroxidases in tobacco and aspen has shown effects on lignin content (34, 35) . Transgenic suppression of laccases in poplar (12) showed effects on phenolic metabolites but no effect on lignin content. In a recent publication, a double mutant of two laccase genes affected lignin content. Each single mutant had slightly reduced levels of lignin, but the double mutant reduced lignin content as much as 40%, providing clear genetic evidence to support the role of laccases (13) .
Transgenic P. trichocarpa plants overexpressing Ptr-MIR397a resulted in a reduction in Klason lignin content up to 22% (Table  1) , consistent with the results from the Arabidopsis mutants (13) . Nitrobenzene oxidation and NMR showed few if any changes in lignin composition and structure. The transcript levels of all of the monolignol pathway genes (not predicted targets of ptrmiR397a) were not significantly affected, providing evidence for the specificity of the laccase effect. The supply of monolignols in the Ptr-MIR397a transgenics can be expected to be essentially the same as WT. These results verify the involvement of laccases in lignin polymerization and suggest ptr-miR397a to be a master regulator in the process of lignin polymerization. Ptr-miR397a is the first example of a miRNA regulating lignin biosynthesis for wood formation. Tables S1 and S5 for gene models.
Laccase is a blue copper oxidase, a metalloenzyme with four copper ions required for utilization of dioxygen as a substrate (36) . Cu + is highly toxic to living cells (37) . Organisms need to maintain copper homeostasis for many processes such as energy transduction, iron mobilization, and oxidative stress responses (38) . High copper levels cause lignin accumulation in plants (39, 40) , and copper deficiency decreases plant lignin content (41) . The underlying mechanisms are not known. If copper-binding protein laccases were reduced in Ptr-MIR397a overexpression transgenics, then copper could accumulate. To alleviate the effect of higher copper concentration, plant cells accumulate hydrogen peroxide and increase activity of antioxidant enzymes, including superoxide dismutase, catalase, ascorbate peroxidase, glutathione reductase, and particularly peroxidase (39, 40) . Both DEG and domain enrichment analysis of the Ptr-MIR397a-overexpressing transgenics showed seven peroxidase genes were significantly up-regulated (Table S4) . Alternatively, the relative abundance of laccases and peroxidases may be reciprocally regulated for lignin polymerization, further contributing to functional redundancy of enzymes for oxidative polymerization. Redundancy of oxidative enzymes is likely the reason for the maximum of 22% lignin content reduction when 17 laccases genes are down-regulated by 32-86%.
GRNs resulting from the bottom-up GGM algorithm confirmed that ptr-miR397a is a negative regulator of many members of the laccase gene family. The GRN indicates that overexpression of Ptr-MIR397a leads to a coordinated repression of laccases and up-regulation of peroxidases in the bottom layer of the network (Fig. 6) . The TFs in the network regulating laccases and peroxidases indicate that multiple regulators are involved in overlapping control of specific gene regulation. Future studies should investigate the consequences of this regulation and the extent of its indirect effects. The network suggests several additional targets including ptr-miR397a and laccases for genetic manipulation of lignin formation, potentially leading to improved materials for pulp/paper and biofuel production.
Materials and Methods
Plant materials, qRT-PCR, computational prediction and experimental validation of ptr-miR397a targets followed those of previous publications (22, 23) . Ptr-MIR397a cDNA cloning, vector construction and transformation, wood chemical composition and lignin composition analysis, NMR sample preparation and analysis, and RNA-seq analysis are described in detail in SI Materials and Methods. Primers used for qRT-PCR and validation of ptrmiR397a targets are listed in Tables S6 and S7. 
